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ABSTRACT

NOVEL METHODS FOR COMPOSITES RECYCLING VIA PYROLYSIS

Matt Jacobs
Manufacturing Engineering Department
Bachelor of Science

Composites are unique materials in many respects. When fabric woven from carbon
fibers is joined with a thermoset resin in a controlled environment, it results in a very strong
material, especially evaluated on a pound-for-pound basis against metals and ceramics. One
aspect of this construction that provides great strength lies in the fiber-matrix adhesion which
facilitates load transfer to the reinforcement of the composite. This fiber-matrix adhesion is
promoted by the polarity of the usual thermoset matrices, and properly designed sizing materials
coating the fibers. It’s a two-edged sword, though. Although the resin and the fibers are quite
strong together, they are very difficult to pull apart once they’re formed, in order to recover the
materials and use them again in the future. The crosslinked nature of thermoset matrices dictates
combustion as the most viable option for separation of the constituents. As such, composite
structures formed with industry-standard thermoset resins have a single-use lifespan. The least
expensive end-use option is simply landfill disposal. However, by isolating the dry fibers by
burning off the resin (a process called pyrolysis), the fibers are able to be reclaimed and
processed again in useful ways. This study focuses on pyrolysis and ways to optimize its
process for use of reclaimed carbon fiber. The aim is to showcase its environmentally-friendly
capabilities through making new composite structures with fibers reclaimed via pyrolysis to
lessen landfill waste.
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INTRODUCTION
Recycling carbon fiber structures allows the carbon fibers themselves to find new life
after they have served their primary purpose. Due to considerable growth of the use of these
materials worldwide, it will only become more important to recycle carbon fiber in the future to
minimize landfill use. Many obstacles exist to carbon fiber recycling becoming a common
process in industry, as well as limitations inherent to the recycling processes themselves. Yet
there remains great opportunity to save waste, energy, and money as recycling of carbon fiber
parts increases worldwide.
Firstly, a review of the literature available was necessary to determine what steps should
be undertaken to provide meaningful insight and contribution to the field. The literature review
examines two accepted methods to composites recycling, approaches this topic from the lens of
both industry and scientific fields. These two disciplines, business practices and laboratory
sciences, came together on a trade delegation trip to Germany, sponsored in part by the GermanAmerican Chamber of Commerce (GACC), from December 6th to December 15th, 2019.
Building upon previous research, this work makes use of many resources to explore
experimental hypotheses, including scanning electron microscopy (SEM) and tensile testing. A
series of trials were undertaken to validate a low-cost pyrolysis process, the product of which is a
short-fiber reinforced polymer with many useful applications. A simple test fixture was
constructed to allow for pyrolysis of small carbon fiber samples (2” x 2”) in both inert and
atmospheric conditions. A preferred method of pyrolysis was selected, following which the
samples were examined with an SEM. Following this step, the samples were then prepared for
extrusion by trimming down the fibers into short (<3mm) lengths. The samples were then
extruded with a plastic matrix, and the composite material prepared for tensile testing. Lastly the
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results were analyzed and compiled. Additionally, an outlook on the future of carbon fiber
recycling is discussed.
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REVIEW OF CRITICAL LITERATURE
Introduction
For better or for worse, everyday man has little knowledge of the manner in which many
aerospace-grade, space-age advances in materials science affect their day-to-day life. From
aluminum foil to crash-safe automobile bumpers, science that once brought men to the moon has
indeed trickled down into the common realm. Despite this awe-inspiring technology, the rapid
pace at which it has developed has left the rest of the supply chain in the dust, and has caused a
great deal of detritus that looms permanent beyond the useful life of these materials. A landfill
full of garbage isn’t the way that most people envision these wonder materials that have rocked
the annals of industry in the past few decades.
Carbon fiber is chief among these polluting materials, as it sits atop the heap as the great
tsar of trash-inducing production techniques. From the tremendous energy requirements inherent
to the creation of the raw fiber material, to the large quantity of consumable vacuum bags, layers
of breather cloth, and peel-ply fabric used in the processing of the carbon in production, to the
point at which the once-useful manufactured part goes from an intentionally-designed and
engineered construction element to an afterthought of carbon fiber refuse, there is very little
ecological ground that this material can stand on.
Stepping aside from sourcing the raw materials and the pains necessary to production,
however, the third element mentioned here, post-use life, is a fruitful opportunity to reclaim the
fibers in a way that provides value, both fiscally and environmentally. There has never been a
greater need for a process like this, as more and more carbon fiber is sold each year, with no
signs of slowing. The American Composites Manufacturers Association estimates that the
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composites industry annually “contributes $22.2 billion to the US economy. By 2022, the endproduct market for composites is expected to reach $113.2 billion” (ACMA 2019). In the
aerospace industry alone, “demand for aerospace carbon fiber is expected to reach 22,100 tons
(~44.2 million lbs) by 2020” (ACMA 2019). Businesses are taking notice to these trends as
carbon fiber is becoming a more and more prominent topic in world trade today.
Recent advances in the field of composites1 are decreasing the harmful impact that these
structures can have when they reach the end of their useful lives. The opportunities that can
come with composites recycling are appealing, and new methods to recycle carbon fibers are
emerging at the present time: the two presented here are solvolysis and pyrolysis. Although
several obstacles are present to the full implementation of recycling composite structures, growth
of recycling carbon fibers over time, coupled with future opportunity for the solvolysis and
pyrolysis processes, show that the outlook for the future of this technology is bright. Despite
their costs, recycling composites is a worthy pursuit.
Fundamental Obstacles to Recycling Carbon Fibers
In order to best understand some of the elements that prohibit the propagation of
recycling within the composites industry, a brief overview of the chemistry that governs and
defines these structures is valuable to establish some of the principal forces at play.
Composites, once cured to their final shape, remain in that shape until they reach the end
of their useful lives. The energy-intensive effort of creating the raw fibers, developing their
applications, and manufacturing the final structure go down the drain when composites are
thrown out. Their cross-linked bonds in the typical thermoset resin matrix mean that instead of
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Composites is used here as a general term to describe the various carbon fiber, aramid (Kevlar),
and fiberglass materials that make up many common structures across a wide variety of
industries.
4

being able to be melted down and re-formed into a different shape, as thermoplastic resins are
capable of doing, the composite structures have no useful life beyond their first. Thermoplastic
resin systems do not have the cross-links that thermoset resins do, which allows them to be
melted down and remolded again and again. However, as thermoplastic structures have less ties
between their individual polymer chains, they are correspondingly weaker and exhibit lower
service temperatures, and are thus not well-suited for use in high performance composite
structures. In addition, the long molecules involved in the molding stage give thermoplastics a
much higher working viscosity, which requires higher pressure and/or temperature to wet out the
fibers in comparison with typical thermoset resins. The most significant advantage of composite
structures, their immense strength and low weight, is related to high-fiber packing which favors
the use of low viscosity cross-linked resins, but also leads to their biggest downfall in terms of
recyclability.
It's apparent that the largest obstacle to the widespread recycling of composite structures
lies in the difficulties inherent in breaking down the structure’s crosslinks. Recycling
thermoplastics is analogous to melting a chocolate bar and then letting it solidify at room
temperature, which can be done repeatedly. In contrast, recycling thermosets with heat is
analogous to trying to bake a cake again and again which would result in thermal decomposition
before melting.
Growth of Composites Recycling in Industry Over Time
Despite the obstacles outlined above, there are many organizations that have formed in
recent years to help encourage composites recycling. These groups span a diverse set of
industries, and have sought to find better ways to use composite structures in post-consumer
settings than depositing them in a landfill for the rest of their existence. From BMW’s industry-
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leading use of composite panels in their automobiles, to government-backed recycling efforts at
the Composite Recycling Technology Center (CRTC) in Port Angeles, Washington, to the
Aircraft Fleet Recycling Association (AFRA), an international nonprofit organization that will
help to take on the industry with the biggest potential for composites recycling; all of these
organizations (and many more) serve to elevate both the importance for-, and the trajectory of
composites recycling at scale.
Among the companies mentioned here, specific use cases have emerged from BMW, the
CRTC, and the AFRA, showing that the prevalence of composites recycling has also grown,
commensurate with public opinion and environmental regulations. Some years ago, many
European Union states passed an important piece of legislation that prohibits composites from
being disposed of in landfills. BMW responded well, and now 95% of all of their vehicles sold
are recycled or repurposed in useful ways at the end of their lives, not only in adherence to the
EU mandate, but because there are real benefits to be found in doing so. By putting the
responsibility on product designers for the ways in which their products are used in a postconsumer setting, BMW actually saves money by not having to purchase raw carbon fiber
material for making some of their vehicle parts. For example, materials scientists and engineers
at BMW crafted the roof panel of the BMW i8 from recycled carbon fiber extracted from their
own EU-mandated fiber recovery facility (Halvorsen 2019). This example becomes powerful
when combined with further research, which found that recycling carbon fiber uses less
than one-tenth the energy required to make the virgin material, as found by the CRTC et al.
(2019). With more government-sponsored research labs giving their buy-in and demonstration of
the positive economic effects of composites recycling, in combination with businesses realizing
the true economic advantages of using recycled carbon fibers, both parties benefit.
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In addition to top national research labs and global initiatives, businesses in leading
composites industries have stepped forward to drive innovation further. One of these is the
Process for Advanced Management of End of Life of Aircraft (PAMELA), an organization that
is led by Airbus (headquartered in Toulouse, France). Its American equivalent is the AFRA
which is sponsored chiefly by Boeing (based in Chicago, Illinois). Both PAMELA and the
AFRA seek to increase the amount of recoverable material that can be recycled from airplanes.
This number currently hovers around 70 percent, i.e. where a general process is applied to the
wide variety of composite materials recovered from scrap airframe structures. The future target
for recycled material in aerospace is 90 percent, meaning that as composites usage in airframes
increases, the ability to recover more fibers will also increase. One way that this can be achieved
is by designing airframes with recycling in mind. New data shows that the Airbus A380 and the
Boeing 787, two top-of-the-line airframes made by Airbus and Boeing, feature approximately
55,000 and 40,000 pounds of recyclable composite materials per plane, respectively (Wood
2010). With 242 A380s and 945 787s having been produced (as of October and September 2019,
respectively), this represents a combined total of over 51 million pounds of composites that have
potential to be recycled (51,111,000 pounds, to be exact) for these two airframes alone (Airbus et
al 2020). Or, said otherwise, 51 million pounds of composites that will be sent to a landfill unless
PAMELA and AFRA can have their work taken seriously - support that has been demonstrated
in the EU, as evidenced by the present regulations there for recycling in the automotive industry.
The EU’s End-of-Life Vehicle (EEEV) Directive, issued by the EU parliament on Sept. 18,
2000, and adopted by EU member nations in November 2003, requires that 95 percent of each
vehicle manufactured after January 2015 must be reused or recovered. When contrasted to recent
research available in the automobile industry, in which the ACMA found that nearly four billion
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pounds of composites were used globally (ACMA 2019), it is clear that there could be an
incredible amount of unrecycled composites if no action is taken.
Weaknesses Inherent to Composites Recycling
There are real weaknesses to the full-scale, industry-wide practice of composites
recycling. First among these limitations are the somewhat truncated use cases of the fiber
recovery methods themselves. Among the two primary methods, which will be treated in detail
later in this review, both have capabilities that are not universally applicable. It would be helpful
to first understand why the composites manufacturing process is inherently wasteful, and how
this carries forward into the recycling process.
When carbon fiber is initially manufactured, tremendous energy and waste are expended
to produce the raw fibers, requiring temperatures in excess of 2,800 degrees Celsius (5,072
degrees Fahrenheit). After being formed, more waste is again created, with a large volume of
single-use fabrics and materials like release film, adhesives, peel-ply, and breather cloth required
for every mold, in addition to disposable vacuum bags, in many cases. It is not a surprise, then,
to know that recycling carbon fibers is not a 100% efficient process, either. When the fibers are
recovered, either by solvolysis or pyrolysis, some simply cannot be re-used effectively (most
commonly, the fibers in question are on the edges or trim areas of the fabric). Additionally, some
processes are more effective than others, and if the fiber recovery doesn’t remove all of the resin
from a material, then the fibers aren’t able to be re-used in a meaningful way. Depending on the
circumstances, mechanical properties of the recovered fibers can also be reduced when compared
to virgin fibers.
On a larger scale, some regions in the world strongly enforce recycling targets, while in
others, they don’t yet exist. In 2007, Susan Rush postulated that due to the current political

8

pressure to develop renewable resources, not to mention growing concern over global warming,
reuse and recovery rules similar to the EEEV are likely to be adopted by most industrialized
nations. However, research by DeSilver found that in the US, meanwhile, recycling hasn’t had
nearly the same level of support, with less than 30% waste being recycled on a large scale.
Interestingly, DeSilver found that recycling had increased since the 1960’s, but actually has
neared a plateau in the last decade (DeSilver 2016). This information suggests that there are still
many advancements to be made to address the challenges to recycling composite materials.
Opportunities for Increased Composites Recycling
In recent years, there has been a tremendous amount of new research that will allow the
field of composites recycling to expand in the future at full scale. Research performed by Ning et
al. in 2019 at Purdue University demonstrated that long fiber recovery of thermoplastic
composites (although an easier recycling problem than with thermosets) is not only possible, but
advantageous. They found that a new variety of thermoplastic composite resin matrix would
allow for much further recyclability, in a material dubbed “long fiber thermoplastics” (LFT).
These LFT composites consist of fibers molded in a thermoplastic matrix, both of which can be
recycled and reused. Their research had an ambitious goal of a zero-scrap rate when deployed in
industry, and ultimately succeeded: “LFT machining residue or shredded LFT scraps [were also]
recycled to produce compression moulded components” (Ning et al. 2019). This recent study
was particularly encouraging, with both long fibers being able to be produced as well as no
additional waste created by the recycling process. However, an experiment performed by
Rimmel et al. places these groundbreaking results in context of industry-standard practices. It
was demonstrated in lab tests that recycled thermoplastic composites didn’t perform nearly as
well as the thermoset composites commonly used when it came down to mechanical properties.
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The industry-standard thermoset resin system had over three and a half times the tensile strength
compared to a variety of thermoplastic compounds (Rimmel et al. 2018). Although the Purdue
results are indeed promising, it is important to acknowledge that companies will pursue the
material that achieves the specified strength, as recyclability isn’t their first priority. In the
future, there could be a time when the standard thermoset and more recyclable thermoplastic
resin systems have comparable mechanical properties, and, other things equal, the balance of
priorities for materials consideration could shift.
Recycling via Solvolysis
Of the two composites recycling processes considered in this work, solvolysis is the less
common of the two practices in industry. Solvolysis utilizes a chemical treatment approach
where a solvent is introduced to the composite to break down the bonds in the resin. Bathing a
composite in the solvent frees up loose fibers, which are then dried and suitable for reuse. This
process limits damage to the fibers themselves; although some material is removed along with
the matrix, the remaining material is not subjected to intense physical duress during solvolysis as
it is with pyrolysis. However, the chemical reaction required to break the bonds doesn’t go
through to completion – the solvent cannot dissolve all of the bonds. Research performed by
Keith et al. found that up to 98% of the fibers could be recovered (Keith et al. 2016) by the time
the reaction ended. Clearly, 98% recovery is better than the 0% recovery that would occur if the
composite were to be thrown away. And the solvent process attacks the outer surface of the
fibers in most cases. Further research performed by Yang et al. agrees with the above reaction
completion rate, and also found that “approximately 2% of fibre diameter was lost after the
treatment” (Yang et al. 2015), interestingly. This added information is important for
manufacturers to consider when creating parts from fibers recycled via the pyrolysis process
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when considering design criteria – parts designed with recycled fibers will need to be specified
with the smaller fibers in mind. The dimensional losses, are important, but not critical to the
overall success of the solvolysis process. Indeed, there are several US-based companies currently
selling carbon fibers recovered by solvolysis: Mallinda (based in Denver, Colorado), Vartega Inc
(based in Golden, Colorado), Shocker Composites (based in Wichita, Kansas), and R&M
International (based in Fort Washington, Pennsylvania) to name just a few (Gardiner 2018).
Future research could examine where solvolysis reactions could be allowed to progress further,
or ways in which the dimensional losses could be reduced, resulting in a greater volume of
recovered fibers.
Recycling via Pyrolysis
Another way to recycle carbon fiber comes from a thermal approach known as pyrolysis.
Much more common in industry due to its scalability, pyrolysis faces the thermoset crosslinking
dilemma head-on by simply burning off the resin present in the sample, along with all other
oxidants and impurities. There are also useful byproducts of the pyrolysis process: oil and gas are
produced, which can be used to fuel the furnace which burns the composite. The central
drawback to pyrolysis is the cost associated with heating a composite to a high enough
temperature to remove all the resin.
A study performed by Cunliffe found that temperatures at which epoxy (a typical
thermoset matrix in high performance composite materials) and other impurities can be removed
range from 450 to 550 °C (Cunliffe, 2003). When temperatures go higher than 550 °C, damage
to the fibers can result as the fibers deteriorate under the intense heat. Although certainly hot,
furnace-ovens capable of reaching these temperatures are common enough at composites
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manufacturing facilities that pyrolysis can be achieved in a variety of manufacturing settings – it
can be easily scaled and put to use in industry.
Additionally, pyrolysis can be achieved at lower temperatures too, even using alternate
composite materials, with the right equipment. Research from Allred et al. demonstrates that
pyrolysis with fiberglass can be achieved at temperatures down to 200 °C using a patented
technique, recovering automotive waste sheet molding compound (SMC) with fibers that
featured comparable levels of purity and strengths when placed side-by-side with virgin fibers –
although the best results were achieved at 300 °C (Allred, 2000). At these lower temperatures,
with fiberglass as the target material for recovery, an open patent would allow for pyrolysis to
become even more achievable in the future of industry, whether waste fiberglass-reinforced
SMC from an auto factory, or fuselage scrap from a Boeing 787. Together, these two studies
show promising results for the future of both the pyrolysis process and recycled composites at
large.
Conclusion and Future Study
From the literature available at present in the field of composites, there is great
opportunity to expand the role of recycled carbon fibers, with several benefits. The current
research demonstrates the support that the industry has for these emerging technologies, and
shows that carbon fibers can be viably recycled by both solvolysis and pyrolysis methods. Key
takeaways include growth of thermoplastics (vs. thermosets) resins as methods for constructing
recyclable composites, emerging methods for chemically altering composite bonds with
solvolysis, and the growth of the ability to thermally treat carbon fibers at common temperatures
via pyrolysis. As production of composite parts increases, this resource can be grown responsibly
and sustainably.
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The potential impact of recycled carbon fiber structures will only increase as future
research is produced. Given the growth of the industry as a whole, it is safe to project similar
trends in recycled composites research. With the ripple effects of EU recycling policy affecting
composites businesses on a global scale, the advent of innovative thermoplastic resin systems
with improved mechanical properties, and the further prevalence of solvolysis and pyrolysis,
many more doors to research in composites recycling will soon open.
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GERMANY TRIP
Introduction
The opportunity to travel to Germany came as a surprise, to be sure, but a welcome one.
Organized as a trade delegation made up of US individuals with interest in lightweight materials
and technology, as part of an effort put forward by the German-American Chamber of
Commerce (GACC) called the Transatlantic Cluster Initiative. This effort brings together leading
German and US industry clusters to promote knowledge exchange through content-driven
encounters. As part of this delegation trip, the topic of Lightweight Materials & Technology was
in focus, formally taking place from December 9-13, 2019 in the areas of Stade, Hamburg,
Augsburg and Munich. The events at each location provided attendees with the chance to
connect with lightweighting industry stakeholders, discussing materials and technology,
innovation and research, and international collaboration opportunities.
With generous sponsorship from the GACC office in Chicago, in addition to funding
from the BYU Honors Program, arrangements for flights were quickly made and less than a
month after first mention of the trip (from a LinkedIn connection, Dale Brosius of IACMI), the
journey had begun in earnest. Delegates varied widely, numbering eleven in all, ranging from
composites industry experts, to municipal representatives, to CEO’s of small businesses. Two
GACC representatives attended as well, David Stock and Jasmin Gradowski.
Visits, Tours, and Composites Recycling
A number of facility visits were lined up. At sites in Stade (located in Niedersachsen,
Lower Saxony, in northern Germany), the group met with the CEO, board members, and several
research scientists of CFK Valley/Composites United (in a consortium of government labs,
working with industry partners including Airbus and others). Seeing Europe’s largest production
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autoclave at the Airbus factory in Stade was a highlight. The composites recycling facility at
CFK Valley was of particular interest, being where commercial pyrolysis has been most
significantly developed, but this site was not visited in depth due to time constraints. Other
locations visited by the delegation included the DLR (German Aerospace Center) and two
locations of the nationwide Fraunhofer Institute network, in this case, the Institute for
Manufacturing Technology and Advanced Materials. A side trip to a few Christmas markets was
in order, too, given the season.
After a brief overnight in Hamburg, the group moved south via Deutsch Bahn train to
Augsburg and Munich. A visit to the DLR and Fraunhofer labs was a key element of the entire
trip, as this is where the activities related to recycled composites really picked up. At the
Fraunhofer Institute in Augsburg, a method of pyrolysis was introduced by researchers,
demonstrating one of many possible ways that value can be found in reclaimed carbon fibers.
After being treated in an oven at elevated temperature for an extended period of time in an
atmosphere of inert argon gas, fibers were recovered and chopped to short lengths. Next, they
were wet pressed over a perforated plate, in a process similar to how paper is manufactured. As a
result, fibers were arranged in a fabric not unlike chopped mat fiberglass, with random
orientations, but enough structure to be usable in a variety of useful settings. The thin mat of
carbon fiber was being evaluated for use in automotive hood and trunk liners to save weight, to
name one example.
The experimental setup at the Fraunhofer Institute in Augsburg was impressive, and the
researchers were happy to give their thoughts on how such a method of pyrolysis could be
recreated at low cost, using nitrogen gas instead of argon, and reducing the size of the oven to
lower the energy cost and size of the combustion chamber. While the wet pressing equipment
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was also of great interest and practicality, it was determined to be outside the scope of this work
to find a suitable use in a smaller scale. A less tailored, application-specific, short fiber
reinforced composite product was identified as a desirable product by Dr. Gunnar Merz, the CEO
of Composites United. With his recommendation, this approach was carried forward into the
experimental phase of this work.
Nearing the end of the delegation, a fascinating facility tour occurred at Rocket Factory
Augsburg, where the European Space Agency’s Arianne 6 rocket is made (the entirely frictionstir-welded fuselage, 15 meters in diameter, was a sight to behold), as well as one final important
site to composites recycling: the BMW Group Plant Landshut, located on the outskirts of
Munich. Here, BMW makes its i3 and i8 automobiles, two of the most affordable and highperformance vehicles with a majority-composite construction, also unique due to their recycled
carbon fiber components. The BMW 7 series also features recycled carbon bumpers and roof
rails.
In fact, the EU’s 2003 landmark legislation, the End-of-Life Vehicle (EEEV) Directive
(mentioned in the literature review) gave BMW a great opportunity: at the Landshut factory, the
bumper for the i3, i8, and 7 series models is injection molded from short-fiber reinforced plastic,
with, of course, recycled carbon fibers. Furthermore, the roof panel for the i8 is molded from
recycled carbon fibers, too (all of which are collected by BMW, having their own pyrolysis
recycling setup where used automobiles are recycled), saving them money on raw material costs,
in addition to saving energy by not having to procure as much raw carbon fiber, saving energy in
the process as well. Despite not having any data to examine regarding the profitability of
recycled carbon fibers in a high-volume automotive manufacturing environment, the success and
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rapid growth in use of recycled composites by BMW at the Landshut vehicle plant was quite
striking.
Trip Outcomes
After returning home, the trip didn’t fade from memory. Having made many dozens of
contacts in a diverse range of academic and industry settings, the time spent in Germany was
determined to have been well worth the effort and planning in order to attend. From early
experiments in Stade at CFK Valley with carbon fiber pyrolysis, to the inspiring and engaging
wet pressing test setup at the Fraunhofer Institute in Augsburg, to the full-scale implementation
of recycled composites and rapid growth in recent years at the BMW Group Plant Landshut,
seeing and understanding the significance of recycling composites made this research all the
more worthwhile.
A selected group of photos from this delegation trip can be found in Appendix A.
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LOW-COST PYROLYSIS TESTING
Having seen the somewhat elaborate setups in research papers, in videos, and in person in
Germany, the need for a simple combustion environment for the pyrolysis of carbon fibers was
identified. Given that US manufacturers are not legislatively obligated to recycle carbon fibers,
as companies in the EU are, minimizing cost was deemed a necessity of this work at the onset of
the experimental phase. Provisions were made to allow both inert and ambient atmospheric
conditions inside the combustion chamber.
Combustion Chamber
A diagram showing the combustion chamber’s design can be seen in Figure 1. The
combustion chamber is constructed of 6061 Aluminum, with a chamber volume of
approximately 41 cubic inches (2.15” chamber diameter, 3.25” chamber depth). The material of
the chamber later came into question, as the solidus point of 6061 Al is 580°C, near the top end
of the preferable conditions of pyrolysis, which was held at a maximum temperature of 550°C.
The top cap of the chamber features two brass ports, into which two pieces of copper tubing are
inserted (Figure 2). One port is used to purge the chamber of ambient air, where nitrogen gas is
plumbed in for the inert atmosphere tests, while the other port serves as a vent, allowing for the
off-gassing of the reactants of the combustion process. The total cost of the combustion chamber
was approximately $24, with the machining of the required components and assembly done by
the author, with parts sourced from the BYU EB Projects Lab and the Chemistry Stockroom in
the Nichols Building.
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Figure 1. Depiction of Combustion Chamber for Pyrolysis

Figure 2. Combustion chamber marked for Nitrogen (N2), Vent (V), with brass fittings and copper tubing
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Oven and Gas Setup
With a suitable combustion chamber ready, the oven in which the chamber would be
placed became the focus. After some searching, a lab in the Chemical Engineering department
was found to have a kiln in new condition, a Paragon Sentry Xpress 5.0 model. This kiln is
ordinarily used to cure ceramics, having been acquired by the lab for use in experiments with
molten salts. Arrangements were made to place the combustion chamber in this oven for the
pyrolysis work. An opening at the top of the kiln allowed for nitrogen to be plumbed in and for
the ventilation to occur. A regulator was borrowed from another Chemical Engineering Lab to
allow the nitrogen gas to be consistently dispensed. All inert atmosphere tests were conducted
with 10-12 psi positive pressure of nitrogen. Ambient atmosphere tests were carried out with the
lid attached to the top of the chamber, but with no gas attached to the tubes atop the chamber lid.
With the chamber inside of the oven (Figure 3), samples prepared to fit (Figure 4), the kiln
sitting inside of a fume hood (Figure 5), a tank of nitrogen at the ready, the pyrolysis process was
ready to begin.

Figure 3: Chamber inside the oven.

Figure 4: The chamber with 4” x 4” composite samples.
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Figure 5: The oven sits inside a fume hood, with tubing connecting the chamber to the nitrogen tank.

Creation of Composite Samples
A consistent sample of cured carbon fiber was desired to establish uniform testing
conditions. A carbon fiber prepreg, Hexcel HexPly AGP193P/1915, 42%, 193AW, 42” was
utilized. This material features a 0/90° plain weave and an epoxy resin system with a resin
content of 42%. The fibers were produced on December 14, 2012 at Hexcel’s Salt Lake City site,
and were donated to Brigham Young University by an aerospace company local to BYU at an
undetermined time thereafter. It should be acknowledged that the prepreg was beyond its listed
shelf-life at the time of testing, according to the manufacturer’s specifications.
The cure profile for HexPly AGP193P/1915, 42%, 193AW, 42” suggested by the
manufacturer proceeds as follows:
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•

Heat at 3-5°F/min up to 225°F

•

Hold at 225°F for 30-60 min

•

Heat to 350°F at 3-5°F/min

•

Hold at 350°F for 120 min, ±10 min

•

Cool at 2-5°F/min to 150°F

Ten 4” x 4” squares were prepared with two plies of prepreg each, according to the above
cure profile. A metal plate and vacuum bag were used to ensure consolidation of fibers while
curing, which were held at ~22 psi for the duration of the cure. After curing, the larger squares
were cut in half to 2” x 2” squares, in order to fit inside the combustion chamber.
Refinement of Pyrolysis Process
Before any combustion, the samples were weighed in order to determine the amount of
resin that would be burned away during pyrolysis. Initial tests were started at a relatively low
temperature of 450°C, one of the lowest temperatures mentioned in the literature that could be
found. Progressively, the temperature and burn-time were raised until consistent satisfactory
results were obtained. Samples were weighed again after pyrolysis, and a percent weight loss
was obtained, which could then be benchmarked against the resin content of 42% to determine
the efficacy of the pyrolysis process. In initial testing, a single 2” by 2” square of cured two-ply
composite was burned, and the weights compared. Table 1 shows the results of the refinement of
the pyrolysis process.
Table 1. Pyrolysis refinement as measured by percent mass reduction
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After a few tests, it became clear that the 550°C, 90-minute combination was favorable,
with nearly a 34% reduction in weight. This became even more clear after the testing went fullscale, burning many samples at once, where the same approximately 34% weight reduction was
seen in all tests (Table 2). Resin decomposition gases are visible in Figure 6.
Table 2. Continued pyrolysis at optimized inert conditions

Although the typical percent weight reduction isn’t quite the 42% ideal reduction (in
which zero resin remains after pyrolysis, the fibers having 42% resin content), being within 20%
of the target, these results were acceptable. As will be posited later in the work, a small amount
of residual resin could actually be helpful for the next stage of the project. It was satisfying to see
the percent reduction remain consistent within about a half of a percent on the large scale tests,
demonstrating that the pyrolysis process was removing the bulk of the resin, and at a consistent
percentage.
In testing at ambient conditions, i.e. without the nitrogen gas feed, the same temperature
and burn-time resulted in a slightly reduced percentage of resin burn off (Table 3). The largest
difference between testing at inert and ambient conditions was found to be around a quarter of a
gram, approximately 1.5% lower weight reduction. The resin decomposition gases were allowed
to escape from both the nitrogen and vent ports at this stage.
Table 3. Pyrolysis at ambient conditions
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In all cases after pyrolysis, the fibers were observed to come apart quite easily, some
weaves falling apart on their own, but most requiring manual pulling to separate the fibers when
cutting them to length (Figure 7).

Figure 6: Resin decomposition gases

Figure 7: Separation of fibers after pyrolysis
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ANALYSIS AND TESTING OF FIBERS RECOVERED BY PYROLYSIS
Scanning Electron Microscope Results
Following the pyrolysis, samples were then inspected with a scanning electron
microscope (SEM). Having selected a preferred set of pyrolysis conditions, before moving
forward with cutting the fibers into short lengths and molding them with plastic, it was desirable
that the fibers should be inspected to determine if the pyrolysis process was effective at
removing the resin to the appropriate degree. Quantitatively, this was confirmed, with
experimental weight reductions of the inert atmosphere samples consistently measuring between
33% and 34%, and pyrolysis under ambient conditions measuring approximately 32% weight
reduction. However, having a qualitative look at the surface of the carbon fibers could illustrate
potential problems, or perhaps show advantages for recycling composites that hadn’t already
been considered in this small, low-cost scale.
A complete series of SEM images taken during the experimental phase of this project is
included in Appendix B. Selected examples will be shown here to illustrate the effectiveness of
the pyrolysis process and explain the intricacies of the results.
The first image (Figure 8) illustrates a cured composite panel, the base conditions
preceding pyrolysis. This sample was cut from a 2” x 2” section of cured carbon fiber. As can be
seen, the cured composite features pools of resin-rich areas throughout the surface. Some resin
collects in large zones, unabated due to the relatively high resin content of this material
compared to other prepreg fibers (which often run in the mid-to-high thirties, rather than 42%
found here). The fibers themselves are indeed visible, and appear as though a select few float
upon the surface of a pool of resin. There are many thousands of fibers beneath, but they are
obscured by the resin. Other features to point out include the tight grouping of the fibers, as the
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areas where the fibers intersect and cross each other don’t have any significantly resin-rich areas.
This would indicate good mechanical properties and a tight production control from the
manufacturer.

Figure 8. SEM Image of Cured Composite (250x)

Next, the fibers which had been burned at 550°C for 90 minutes were examined (Figure
9). These fibers were subject to pyrolysis in an inert atmosphere, as evident by what remains.
With a small amount of residual resin present, these fibers represent a near-virgin state, without
any areas of thicker concentrations of resin. What remains are very thin layers of resin which are
easily cracked or broken.
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Figure 9. SEM Image of Composite Burned at 550°C for 90 Minutes, N2 (250x)

All fibers used in the composite industry have a “sizing” applied, i.e. a thin coating of a
polymer lubricant that promotes fiber flexibility as well as acts as a couplant to improve resin
wet-out and adhesion. It is assumed that much of the sizing is removed during the combustion
due to its polymeric constituency. As no sizing is added to the post-pyrolysis recovered fibers, it
is possible that these small pieces of residual resin can act almost like sizing, breaking up and
improving adhesion between the chopped carbon fiber and high-density polyethylene (HDPE)
polymer, as compared to raw, un-sized fibers and HDPE. The results of this hypothesis were
tested using tensile testing and will be discussed later in this paper.
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Figure 10 shows the fibers burned at 450°C for 60 minutes, in an inert atmosphere. These
fibers are considerably more resin-rich than the fibers in Figure 9, looking more like the prepyrolysis image in Figure 8. The resin-rich areas do not have much by way of transparency, so
the resin is still pretty thick in these regions. Examining the visible fibers shows that the fibers
again appear to be suspended or floating on a bed of resin, although not as “deep” as that of the
fiber seen in Figure 8. It is also worth pointing out that even though these fibers seem closer to a
resin-infused state than that of pyrolysis, there was still nearly a 20% weight reduction in this
sample, showing that not all dynamic changes (such as a large weight shift) are readily apparent
without some foreknowledge of the pyrolysis process. Lastly, these fibers do appear to have
some of the cracking, pseudo-sizing mentioned in Figure 9, which could be useful when chopped
to short strands. Since a better pyrolysis process was found (as seen in Figure 9), this example
simply serves to illustrate the difference between an optimized process and an initial one.

Figure 10. SEM Image of Composite Burned at 450°C for 60 Minutes, N2 (350x)
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Preparing the Short Fiber Reinforced Plastic
At this stage, samples were prepared for extrusion by trimming the fibers down into short
sections with shears, approximately 3 mm in length. As the samples were cut, it was observed
that the samples burned in an inert environment had less oxidants that appeared in the form of
dust than that of the ambient samples. The ambient fibers, to a small degree, featured residue that
the fibers pyrolyzed with nitrogen did not. All recycled carbon fibers (rCF), regardless of their
combustion environment, however, displayed uniform delamination at this stage, and similar
clumping in their respective storage containers (as great care was taken to ensure that each
sample was not contaminated by the other) in lofted tufts of fiber (Figure 11).

Figure 11: Post-pyrolysis fibers, cut to length (<3mm).

Figure 12: HDPE pellets used with rCF.

At this stage, chopped pellets of high-density polyethylene (HDPE) were weighed out
(Figure 12), and the chopped recycled fibers were introduced to the HDPE at 10% fiber content
by weight (Figure 13). Initially, 20% fiber content was attempted, in order to mirror
commercially available carbon fiber reinforced polymers, but a satisfactory blend was not found.
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Mixing was accomplished by adding the fibers to the HDPE pellets in a ceramic crucible, and
subsequently heating the mixture to 400°F in an oven, stirring occasionally to promote good
consolidation of the fibers into the plastic. The reinforced plastic was removed from the oven and
placed onto a sheet of release film draped over a metal plate, at which point another sheet of
release film was draped over the reinforced plastic and a second plate affixed on top (Figure 14).
The setup was then clamped, and the reinforced plastic was flattened to a uniform thickness of 3
mm. Then, after the material had cooled, the plastic was placed back in the crucible in the oven,
and the process was repeated until the fibers were completely integrated into the plastic and the
plastic had reached the desired thickness. Two separate batches of plastic were prepared: one
with carbon fibers recycled under inert conditions (rCF-N), and one with fibers recycled under
ambient conditions (rCF-A).

Figure 13: HDPE pellets with 10% rCF by weight.

Figure 14: Pressing melted rCF between two metal plates

After cooling, the outline of a dogbone (using ATSM D638 Type I) was traced onto the
reinforced plastic (Figure 15) and the plastic was cut to shape with a bandsaw. Four HDPE
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samples were prepared to ATSM D638 Type I specifications via traditional injection molding,
after which four rCF-N samples were prepared via the above method, and four rCF-A samples
were made similarly. Lastly, four samples of the original HexPly AGP193P/1915, 42%, 193AW,
42” prepreg carbon fiber were formed to ATSM D638 Type I specifications, cured under the
manufacturer’s recommended profile (Figure 16), with the fibers positioned in a +/- 45°
orientation. A total of fifteen plies allowed for the target thickness of 3mm to be reached.
Together, these formed the specimens for tensile testing (Figure 17), although any number of
other sample shapes and geometries could be reasonably obtained with proper tooling and
equipment.

Figure 15: ATSM D638 Type I outline.

Figure 16: Hexcel HexPly AGP193P/1915, 42% prepreg cure

SEM imaging was utilized to validate the integration of the fibers into the polymer
(Figure 18). The fibers appear to be quite well-integrated with the HDPE matrix. Additional
SEM images of the carbon fibers suspended in HDPE at both 10% and 12.5% fiber content can
be found in Appendix B.
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Figure 17: rCF-N, HDPE, and cured prepreg samples ready for tensile testing (rCF-A not pictured)

Figure 18. SEM Image of rCF-N suspended in HDPE polymer (1000x)
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Tensile Testing Results
With the four sample groups ready prepared, tensile testing could commence. An Instron
Model 1321 universal testing machine was used to carry out the trials. Prior to testing, each
sample was carefully measured so that the dimensions could be used for later calculations.
Samples were loaded into the machine and a standard testing model was applied, with all
conditions equal with the exception of the ramp rate: cured prepreg samples were pulled at a rate
of 0.01 inches per second, while others used a ramp rate of 0.05 inches per second. This was
done for convenience, as the carbon fiber samples took a particularly long time to test, as
determined by a preliminary test with a spare sample (Figure 19). Otherwise, the conditions were
the same for each material. Images of all materials after tensile testing are shown in Figure 20. In
testing, the HDPE showed highly ductile elongation, while all other were brittle fractures.

Figure 19: Prepreg sample loaded in Instron.
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Figure 20: All samples, post-tensile testing.

Table 4: Tensile testing results.

The data in Table 4 presents a clear picture for the mechanical properties of each
material. As expected, the prepreg carbon fiber exhibits a significantly greater value for both
yield and ultimate tensile strength, with a modulus that is an order of magnitude above all others.
Despite its elevated properties, this material is a valuable addition to this testing group because it
represents where the rCF originated. Predictably, the HDPE has the lowest yield strength,
ultimate strength, and modulus of elasticity. However, surprisingly, the carbon fiber pyrolyzed in
ambient conditions is approximately 6% stronger and possesses a modulus that is nearly 21%
higher than the carbon fiber recovered from an inert atmosphere. This goes against what could
have been assumed about an inert combustion chamber, which provided a comparatively cleaner
sample than that of the ambient conditions. However, the pseudo-sizing affects generated by the
oxidation and residual resin on the rCF-A sample may have provided an avenue to higher
mechanical properties than was expected. Note that this is a small sample size, and more testing
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should be done to confirm these observations. It remains plausible that there is no significant
advantage to pyrolysis in nitrogen as opposed to pyrolysis in ambient atmosphere, save for an
additional 1.5% reduction in weight by burning additional resin.
Figures 21 and 22 show plots of average values for each material’s ultimate strength and
modulus of elasticity. Full stress/strain curves for each test specimen are found in Appendix C.
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Figure 21: Material Type vs. Average Ultimate Strength (ksi)
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Figure 22: Material Type vs. Average Young’s Modulus (psi)
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OUTLOOK AND CONCLUSION
Initial findings demonstrate possible significance to a wide variety of industries which
use composite parts. As raw composite material production shows no signs of slowing, with
double-digit growth in recent years, it remains evident that unless processes are introduced which
will allow for these materials to be re-used, the overwhelming majority of today’s carbon fiber
production is destined for a landfill in the not-too-distant future. Thus, pyrolysis seeks to be a
viable alternative to this status quo. If ambient pyrolysis proves to be as effective as pyrolysis
performed under oxygen-free conditions with further testing, the cost of entry decreases even
further, as inert atmospheric conditions inside the combustion area are no longer required.
Additionally, further refinements are possible regarding the furnace and combustion
chamber setup. When using nitrogen gas to create an inert atmosphere, there is cause for concern
with some oxygen remaining in the bottom portion of the chamber during pyrolysis due to its
heavier atomic mass. This could be negated in a number of ways, most readily by using argon
gas, or even by placing a small amount of argon gas in the bottom of the chamber before
combustion. Simply placing the outlet vent on the bottom of the chamber would also be feasible,
but would require an alternative oven for pyrolysis than the one used in these experiments. Using
vacuum to ensure the chamber is empty would also be possible.
Although uncertainties exist in the viability of sizing application for composites
recycling, building upon previous work in pyrolysis and utilizing the unique resources available
at BYU (e.g. composites laboratory, ready access to aerospace-grade fibers, industry standard
processing equipment, scanning electron microscopes), the work’s importance and potential for
contributions to the field are clear. Carbon fibers recovered via pyrolysis can have useful lives
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beyond the landfill, without need for specialized equipment and exorbitant cost. Finding its way
into industry is only a matter of time as more and more companies see the value in this process.
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APPENDIX A: GERMANY TRIP SELECTED PHOTOS

Material provided to delegates upon arrival.

Tour of Airbus factory located in Stade.

Badge given at Airbus factory, Stade.

The author at Christkindlmarkt in Stade.
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Gold-plated composite coupons at DLR.

AR factory, Fraunhofer Industry 4.0 demo

Fraunhofer’s pyrolysis setup in Augsburg.

Wet pressing table with plate at Fraunhofer.
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Detailed view of wet pressing setup at Fraunhofer Institute in Augsburg. Plate seen above at left.

Composite structures of the BMW i8 at BMW Group Landshut Plant near Munich.
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The delegation, GACC representatives, and Composites United members at Airbus in Stade.

A rainy day at the DLR (German Aerospace Center) and Fraunhofer Institute sites in Stade.
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All members of the trade delegation, standing atop a composite bridge, above a pit of crocodiles.

The group in front of a unidirectional tape laying machine at Rocket Factory Augsburg.
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APPENDIX B: SCANNING ELECTRON MICROSCOPE IMAGES
Raw Carbon Fiber (No Resin):
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Preliminary 12.5% rCF-N reinforced HDPE sample:
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Cured HexPly prepreg:
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rCF-N, 450°C for 60 minutes:

53

54

55

rCF-N, 550°C for 90 minutes:
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rCF-A, 550°C for 90 minutes:
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Cross-section of 10% rCF-N reinforced HDPE:
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APPENDIX C: TENSILE TESTING STRESS/STRAIN CURVES
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Stress vs. Strain, CF 3
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Stress vs. Strain, HDPE 1
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Stress vs. Strain, HDPE 3
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Stress vs. Strain, rCF-N 1
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Stress vs. Strain, rCF-A 1
5000
4500
4000

Stress (lb/in2)

3500
3000
2500
2000

1500
1000
500
0
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.025

0.030

Strain

Stress vs. Strain, rCF-A 2
5000
4500
4000

Stress (lb/in2)

3500
3000
2500

2000
1500
1000
500
0
0.000

0.005

0.010

0.015

Strain

70

0.020

Stress vs. Strain, rCF-A 3
5000
4500
4000

Stress (lb/in2)

3500
3000
2500
2000
1500

1000
500
0
0.000

0.005

0.010

0.015

0.020

0.025

Strain

Stress vs. Strain, rCF-A 4
5000
4500
4000

Stress (lb/in2)

3500
3000

2500
2000
1500
1000
500
0
0.000

0.005

0.010

0.015

Strain

71

0.020

0.025

0.030

